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Introduction

We report here our initial
observations
on
the growth and morphology, and developmental
radiosensitivity
of
giant,
multinucleated,
osteoclast-like
cells (MN-OS
} generated through
in vitro cultivation
of hematopoietic
progenitor-enriched
canine bone marrow samples.
Maximum cell densities
of 5.5 x 10 3 to 6.5 x 10 3
MN-OS per cm2 of growth area were achieved
following 10 to 14 days of culture at 37°C.
Acute gamma irradiation
of the initial
marrow
i noc ul a resulted i n significant,
dose-dependent
perturbations
of MN-OS formation,
growth, and
development.
Attempts to estimate radiosensit i vity of MN-OSpro gen it ors from canine marrow
yielded a range of D0 values from a low of 212
cGy measured at six days of culture to higher
values of 405 to 542 cGy following 10 to 22 days
of culture.
At the intermediate
times of culture
(10 to 14 days}, the radiation-induced
responses
were clearly
biphasic,
reflecting
either
( a) the presence of rnult i pl e subpopul at ions of MN-OSprogenitors with varying degrees
of radiosensitivity
or (b} the inherent biphasic
nature of MN-OSdevelopment involving early progenitor cell proliferation
followed by maturation and subsequent fusion.
Morphologically,
MN-OSgenerated from irradiated
marrow i no cul a
appeared only marginally altered,
with alterations expressed largely
in a biphasic,
dosedependent fashion in terms of smaller cell size,
reduced number of nuclei, increased expression
of both surface microprojections,
and a unique
set
of crystalloid
cytoplasmic
inclusions.
Functionally,
MN-OSappeared to be impaired by
i rradi ati on of marrow progenitors,
as evidenced
by failure to initiate
resorptive attachments to
devitalized
bone spicules~
vitro.

KEY WORDS: Bone marrow, in vitro
monocytes, osteoclasts,
radiosensitivity.
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The collection
of basic information
concerning the biological
nature and function of
osteoclasts,
i.e.,
those giant,
multinucleated
cells
that reside
at the bone surface with
primary bone resorptive functions and associated
secondary hematopoi et i c interactions,
has been
hampered by 1ack of appropriate~
vitro culture
methods needed to facilitate
functi~analyses
at the cellular
and molecular levels (Barnes,
1987; Chambers, 1978; Gothlin and Ericsson,
1976 ; Hall, 1975; Patt and Maloney, 1972). Over
the 1ast several years, progress has been made
in developing such culture methods for osteocl asts derived from various species,
including
those of primates (Burger et al., 1982; Ibbotson
et al.,
1984 ; Roodman et al.,
1985a; Suda et
al., 1983; Testa et al., 198 1).
To date, however, work with canine osteoclasts
has not been
reported.
In our previous attempts to establish
in
vitro 1ong-term "Dexter-type" canine hematopoieTiccultures
(Coulombel et al.,
1983; Dexter
et al.,
1977a ,b; Gartner and Kaplan, 1980;
Greenberg et al.,
1981; Greenberger
et al.,
1979; Toogood et al., 1980), we observed, under
a select set of culture conditions,
the formation of giant,
multinucleated,
osteoclast - like
cells
(MN-OS).
These cells
appeared to be
formed by the fusion of monocytic progenitors
one to two weeks following plating and had many
morphological,
cytological,
and ultrastructural
properties of normal canine osteoclasts ~ vivo.
The aims of this paper are (a) to report
our observations
concerning the growth characteristics
of these giant MN-OSunder our newly
established
in vitro methods; (b) to characterize these ceTTs both morphologically and ultrastructurally;
and finally
(c) to assess sensitivity
of MN-OSprogenitors
to ionizing radiation.

culture,

Materials

* Address for correspondence:

and Methods

Collection and Pr ocessing of Initial
Bone t-larrow
Cell Inocul um
Bone marrow samples were collected
and
processed according to methods previously described (Seed et al., 1982).
In brief, marrow
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specimens were obtained from normal, healthy
beagle dogs via needle aspiration
of either
humeri or iliac crest sites.
The specimens (810 ml) were collected in 25-ml syringes containing 4 ml EDTA-saline solution (1.1% EDTAin 0.9%
saline),
diluted to 50 ml with Hank's BSS-serum
wash [Hank's balanced salts solution (BSS) with
10% horse serum, 50 µg/ml streptomycin,
and
50 U/ml penicillin]
and centrifuged
at 1000 x g
for 10 min.
The cell pellets were resuspended
in Hank's BSS-serum wash solution,
layered on a
Ficol-Hypaque density gradient (1.077 g/L), and
centrifuged
at 400 x g for 30 min at 4°C.
Foll owing centrifugation,
the light
buoyant
density marrow cells at the gradient interface
were collected,
washed once by centrifugation,
and resuspended to 10 7 cells/ml
in a nutrientcomplete,
"long-term"
hematopoietic
culture
medium (briefly
described below).
In all preparative
stages, the cells were maintained on
ice (<10°C).
Giant,
Multinucleated,
Osteoclast-Like
Cell
Cultures
Al1quots ( 1 ml) of the progenitor-enriched
marrow cells were resuspended to a concentration
of 106 /ml in a McCoy's 5A-based nutrient media,
originally
described by Greenberg et al. (1981)
for the purpose of long-term culture of murine
hematopoietic elements (Dexter et al.,
1977a).
In contrast to Greenberg's original media formulation, the media used in this study lacked the
10- G M hydrocortisone
additive.
Similar to the
observations
of Suda's et al. (1983), our preliminary cell culture work suggested that hydrocortisone
had a strong inhibitory
activity
on
MN-OSformation (unpublished observation).
In
addition to its basal ingredients,
the McCoy' s
5A medium was supplemented with additional amino
aci ds (2 mM L-glutamine,
16 µg/L L-as paragine,
8 µg/L L-serine,
0.8 % essential
(50X)- and 0.4 %
nonessential
(lOOX) amino acids),
1 mM sodium
pyruvate,
antibiotics
(O.l g/L streptomycin,
10 5 U/L penicillin),
2.2 g/L sodium bicarbonate,
25% heat-inactivated
(56°C, 30 min) sera (12.5 %
horse serum, MA Bioproducts,
Walkerville,
MD,
plus
12.5 % fetal
calf
serum,
Calbiochem,
LaJol la, CA).
Following resuspension in nutrient medium,
the cells were plated in tissue culture slide
chambers having 1.6 ml volumes and 1.8 cm2
surface growth areas ( Lab-Tek, Miles Sci ent ifi c). The cultures were incubated at 37°C in 5%
CO2 and >95% relative
humidity for periods
ranging from 1 to 28 days.
Cultures were re~ en i shed biweekly with 50% fresh media.
Cells/
cul tu res were harvested at predetermined intervals dictated
by the protocols of individual
experiments.
Cell Growth
In order to develop growth curves, replicate cultures
were set up and maintained as
described above.
Following specific periods of
culture (0, 2, 6, 10, 14, 18, 22 days), cultures
were sacrificed
and processed for light microscopy by an initial
saline
wash followed by
methanol fixation
and Giemsa staining.
The
stained preparations
were analyzed in terms of
numbers of both mononuclear and multinuclear
cells per unit of growth area.
In general, 10

to 20 representative
and defined microscopic
fields
per sample were counted
(each field
equals 1.96 x 10- 3 cm2 or 0.11 % of the total
growth surface, representing
1.1 to 2.2 % of the
total growth surface per sample analyzed),
and
cell yields were recorded.
Radiosensitivit~
Testing
fwo-m1ll1l1ter
aliquots of the progenitorenriched marrow eel l suspensions
(10 7 /ml) were
placed into test tubes and gamma irradiated
at
25 cGy/min to total doses of 200, 400, 600, 800,
and 1000 cGy with a 60 co i rradi a tor (Atomic
Energy of Canada, Ltd. ) .
In selected
experiments, additional
aliquots
of cell
specimens
were irradiated
to 100 cGy as well.
All irradiations
were carried
out at <10°C.
Control
samples (0 cGy) were handled similarly,
but
sham-irradiated.
Following irradiation,
the
samples were resuspended
in fresh
nutrient
medium and plated in culture
vessels
as described
above.
At selected
times following
initial
plating (0, 2, 6, 10, 14, 18, 22 days),
replicate
cultures were sacrificed
and processed
for light microscopy and analyzed as previously
described
(for mononuclear/multinuclear
eel l
yields per unit growth surface).
Mononuclear
and multinuclear
cell
yields
were plotted
against time of culture.
In attempting
to estimate standard parameters of radiation sensitivity
(D0 , Dq! and n)
for the generation of these giant MN-uS (from
mononuclear progenitors),
the numbers of MN
- OS
per field in the control samples (0 cGy) were
determined at selected
times of culture
and
equated to 100% survival.
For each radiation
dos e group ( i.e.,
200-1000 cGy), the number of
MN-OSgenerated (surviving)
was determined and
used to construct standard dose-response
curves
via linear regression / bre ak point analyse s . The
response parameters
of lethality
rate
(D0 ),
s ublethal capa c ity (Dq) • and _subcellular
target
number (n) were deriveu from these analyses.
Electron Microscopy
For both transmission and scanning electron
microscopic examination, replicate
cultures were
set up in the manner des cribed above, except
that the multi chambered tissue culture vessels
were backed with EM-embeddable, Permanox plastic
slides (Lab-Tek, Miles Scientific).
For transmission electron microscopy (TEM), 10 to 14 dayold cultures
were initially
fixed for 2-3 h at
room temperature by adding 1 ml of a buffered
glutaraldehyde
fixative
(1.25 % glutaraldehyde,
2% sucrose, 0.05 M phosphate buffer, pH 7.2) to
each of the culture vessels.
The specimens were
rinsed in buffer, post-fixed
in 1% osmium buffered with 0.1 M phosphate buffer (pH 7.2) for
45 min, and washed again in buffer.
Subsequently, the specimens were dehydrated in ascending
concent rations of ethanol ( 30, 50, 70, 95, 100%
ethanol),
infiltrated
initially
with 1:1 Epon/
ethanol,
and finally
embedded in 100% Epon
(after
several exchanges in 100% Epon) (Seed
et al., 1977, 1979).
Following curing at 60°C
for 48 h, the specimens were freed from the
backing plastic slides by a quick dip in liquid
nitrogen.
The specimens were then trimmed and
reembedded for both cross-sectional
and horizontal ("on-face")
sectioning.
In order to ensure
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a representative
sampling and viewing of the
MN-OSin culture, multiple blocks of each specimen were cut, with multiple sections
prepared
and examined by a Siemens 101 TEM.
For scanning electron
microscopy (SEM),
replicate
cultures
were initially
fixed
in
glutaraldehyde and washed in buffer as described
above for TEM. The specimens were dehydrated in
ascending concentrations
of ethanol, then Freon113, both at concentrations
of 30, 50, 70, 95,
and 100% for 5, 5, 5, 5, and 60 min, respectively.
The specimens were then critical
point
dried by using a liquified
Freon-13 system
(Bomar Critical
Point Dryer).
Once critical
point dried,
the specimens were mounted on
aluminium studs,
borders
were painted
with
silver paint and uniformly coated with gold by
sputter
coating
(Denton
Sputter
Coater).
Samples were examined with both Cambridge Stereoscan (Mark IIA) and JEOL 840 electron
microscopes.
Functional Testing
In order to test the functional capacities
of MN-OSderived from both irradiated
and nonirradiated marrow preparations,
devitalized
bone
spicules
were initially
incorporated
into the
culture vessels at the time of plating.
Following 10 to 14 days of culture, the bone spicules
were removed, fixed, and processed for both TEM
and SEM, then subsequently analyzed by methods
described above in terms of both (a) the morphology of MN-OSbone interactions
and (b) estimates of numbers of adherent eel ls per unit of
bone spicule surface area.
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Results

4

Growth and Radiosensitivity
In control,
nonirradiated
cultures,
the
adherent mononuclear cell populations showed a
biphasic increase in size: 6 to 14 days following plating,
cell counts increased by approximately fourfold
and subsequently
increased by
sixfold after 18 to 22 days of culture (Fig. 1).
With increasing
radiation
dose to the initial
marrow cell inocula, the extent of this proliferative
response was sharply curtailed
in a
dose-dependent
manner.
At the highest dose
( 1000 cGy), the increase
in mononuclear cell
count was limited to twofold.
Giant MN-OS within control cultures
(derived from noni rradi ated marrow i nocul a) were
rarely seen after two days of cul tu re, but they
rapidly in creased in number reaching a maximum
at 10 days (Fig. 2).
Subsequently, MN-OSnumbers declined and stabilized
at approximately
60% of the peak value after 18 to 22 days of
culture.
Irradiating
the initial
marrow eel l
inocula with increasing doses of gamma rays not
only reduced the overall number of MN-OSin a
dose-dependent
manner, but prolonged the time
required to achieve these maximumlevels (i.e.,
extended the "lag" period).
On the basis of the MN-OS growth curves
shown in Fig. 2 and the cell counts at particular time points for the various radiation dose
groups (O, 200, 400, 600, 800, 1000 cGy), doseresponse curves for MN-OS progenitor
survival
were generated,
and standard
parameters
of
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Fig. 1.
A representative
experimental
series
(n=4) of cultured
progenitor-enriched
marrow
eel ls showing the change in the average number
of adherent mononuclear marrow cells per microscopic field
with time of culture
and as a
consequence of i rradi at i ng marrow ce 11 i nocul a.
Error bars represent the standard errors of the
means.
Fig. 2.
The same series
(n=4) of cultured
progenitor-enriched
marrow cells
as shown in
Fig. 1, except showing the change in number of
giant, multinucleated
osteoclast-like
cells as a
function of the time-of-culture
and radiation
dose to marrow cell inocula prior to plating.
Error bars represent
standard errors
of the
means.
radiosensitivity
were calculated.
Beyond six
days of culture,
the generation
of MN-OS was
such that the apparent radiosensitivity
of MN-OS
progenitors irradiated
just prior to the time of
seeding (0 day) appeared to markedly decrease.
With the use of linear-regression
analysis,
and
the assumption of population homogeneity, the
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calculated

D0 values increased from a low of
six days to markedly higher values
ranging from 405-542 cGy following 10 to 22 days
of culture.
In contrast to the linear nature of
the MN-OS survival response measured early in
the culture period (six day), survival responses
measured at latter
culture
periods
commonly
appeared
biphasic.
Such biphasic
survival
responses were most notable at 10 days of culture,
but still
evident at 14 days (Fig. 3).
This suggested either
(a) the presence of at
least
two responding subpopulations
of MN-OS
progenitors
or (b) the presence of at least two
cellular
processes involved in MN-OSgeneration
from mononuclear elements.
Regardless of either
possibility,
the first
subpopulation/process
is
clearly
more radiosensitive
than the second.
When assessed at 14 days, the more sensitive
subpopulation/process
had estimated D0 and Dq
values of 230 cGy and 90 cGy, respectively,
whereas the second, more resistant
subpopulation
process, had higher D0 and Dq values of 575 cGy
and 178 cGy, respectively.
In addition to the effect of irradiation
on
MN-OS progenitors,
in terms of the absolute
MN-OS number generated,
dose-dependent matu rational changes in both cell size and the degree
of nucleation
were observed (Figs. 4 and 5).
With both parameters (size and nucleation),
the
decline was more rapid at lower doses than at
higher doses, with the transition
occurring at
about 400 cGy. Analyses of size vs. nucleation
revealed that while both parameters were increasingly
restricted
with increasing radiation
dose,
nucleation
was affected
to a greater
extent than cell size (Figs. 6 A and B).
Morphology and Ultrastructure
By light microscopy, representative
MN-OS
(generated
from nonirradiated
marrow progenitors) appeared as 1arge, fl at eel ls with broad
cytoplasm i c fringes
and scalloped
borders
(Figs. 7 and 8) .
In contrast
to the smaller,
mononuclear (monocytoid) cells with diameters of
~ 15 µm, the se cells had an average diameter of
122 ± 55 µm and an average number of 29 ± 28
nuclei per eel 1. Both the degree of nucleation
and the nuclear position were variable features.
However, smaller cells with a smaller number of
more centrally located nuclei (6-15) were predominant.
A number of characteristic
hallmarks of
canine osteoclasts
in vivo were routinely
observed by TEM, i ncTud~
ruffled
borders and
localized
peripheral
surface areas with many
microvilli,
periplasmalemmal
"clear"
zones,
vesiculated
cytoplasmic
regions,
and numerous
large mitochondria having well-defined
cristae
(Figs. 10-12).
By SEM, the low-lying nature of
these cells was highlighted
(Figs. 9 and 13).
The seal 1oped borders, as shown by 1 ight microscopy, were revealed by SEM as short,
broad
ridged ruffles,
mixed at times with longer, more
slender microvilli
(Fig. 14).
With increasing irradiation
of the initial
marrow inocula, MN-OSexhibited with increased
frequency the following morphological
alterations: reduction in mean cell size (diameters);
reduction
in mean number of nuclei per eel 1,
along with an increased
peripheralization
of
212 cGy at
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Fig. 3.
The relationship
of radiation
survival
response for MN-OS progenitors
at 14 days of culture.

dose and
assayed

Fig. 4.
Change in cell-size
of the giant,
multinucleated
osteoclast-like
cells
following
14 days of culture
as a function
of radiation
dose delivered
to marrow cell inocula prior to
plating.
Error
bars represent
the standard
errors of the means.
Fig. 5.
Change in number of nuclei per cell
assayed at 14 days of culture
as a function
of
radiation
dose delivered
to marrow cell inocula
prior
to plating.
Error bars represent
the
standard errors of the means.

Figs. 7-9.
Representative
low-power micrographs
of giant,
multinucleated
cells
(arrows) of 14day-old cultures
generated from control,
nonirradiated
marrow cells
and viewed by phase-contrast
microscopy
(Fig. 7}, bright-field
microscopy (Fig. 8), and SEM (Fig. 9).
Line markers
equal 100 µm, 100 µm, and 10 µm, respectively.

Figs. 6 A and B. Relationship
between number of
nuclei
and cell-size
in 14-day-old
cultures,
seeded initially
with (A) nonirradiated
marrow
cells
or (B) acutely
irradiated
marrow cells
(1000 cGy).
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nuclei (Figs. 15 and 16); inc r eas d periphera l
surface
ruffling
and microvil l us expression
(Figs. 17 and 19); and increased coalescence of
large,
membrane-bound crystall oid inc lusions
(Fig. 18).
By comparison, the latter
inclusions, although occasionally
observ ed, were much
smaller and fewer in number in MN-OSgenerated
from nonirradiated
progenitors.
Funct i ona l ity
The capacity of MN-OSto adhere to devitalized bone spicules and, in turn, to show signs
of bone resorption was tested.
As is shown in
Figs. 20 and 21, relatively
larg e nunbers of
MN-OS from nonirradiated
preparations
readily
adhered to the bone spicules,
and many appeared
to be in the processes of bone resorption (Fig.
22).
In contrast,
when the initia l bone marrow
inocula were irradiated,
the resulting
MN-OS
(following 14 days of culture) were impaired, in
a dose-dependent manner, in their capacity both
to adhere and to initiate
morphological signs of
resorption.
At the highest dose level tested,
1000 cGy, MN-OSadherence was virtually
eliminated (Fi g. 23) •

Discussion
Two major conclusions can be drawn from the
data presented.
First,
under a select set of
in vitro culture conditions,
subpopulations of
boneiiiarrow-derived
monocytes from canines have
the potential
to proliferate
and fuse, forming
giant,
multinucleated
cells
that share many
commoncharacteristics
with osteoclasts
in vivo.
Second, the developmental processe s i nvoTvedln
the formation of these giant,
mul tinucleated
cells are sensitive
to the effects
of ionizing
gamma radiation.
Relative
to the first
conclusion 1 ot her
workers have reported
similar
culture
procedures, developmental patterns and morphological
and functional
features of giant MN-OS,derived
from mononuclear marrow cells of a variety of
species,
including
primates
(Burger et al.,
1982; Ibbotson et al.,
1984; Roodman et al.,
1985a,b; Scheven et al.,
1986; Suda et al.,
1983; Testa et al., 1981; Thesingh and Burger,
1983).
We believe,
however, that our observati ans for canine cells represent the first such
report in this species.
Our initial
observations
of MN-OSgeneration in vitro were clearly fortuitous ; they were
basedonaprimary
intent not to culture and
analyze MN-OS, but rather to develop continuous,
trilineal
hematopoietic cell cultures for canine
tissue.
As a result, the culture described here
is an amalgam of previously reported procedures
used by workers attempting principally
to culture human hematopoietic elements . For example,
we modified basic "Dexter culture" protocol by
incorporating
a mix of sera at high concentra tions (12.5% horse serum, plus 12.5 % fetal ca lf
serum), by not incorporating
hydrocortisone into
the medium, by refeedi ng the cultures every four
days rather than weekly, and by incubating the
cultures at 37°C rather than at 33°C ( Caulombel
et al.,
1983; Dexter et al.,
1977a; Gartner
and Kaplan,
1980; Greenberg et al.,
1981;
Greenberger et al.,
1979; Suda et al.,
1983).

Figs. 10-14. Electron micrographs of representative giant, multinucleated
cells generated in
vitro
from noni rradi ated marrow progenitors
following 14 days in culture.
Fig. 10 shows the
characteristic
vesiculated cytoplasm (arrow) and
ruffled borders.
Fig. 11 shows a multinucleated
cell with characteristically
high surface densities of localized
microvilli
(arrow).
Fig. 12
is a higher-power mic rograph of a portion of a
giant, multinucleated
cell's
cytoplasm, showing
the details of the organelle-rich
and organellepoor regions.
Note the presence of numerous
large, elongated mitochondria (M) and the "clear
zones " along the cell's
periphery
(arrows).
Figs. 13 and 14 are SEM views showing typical
surfa ce features,
both at low and high magnification, of representative
giant, multinucleated
eel ls.
Line markers represent 5 µm, 5 µm, 2 µm,
10 µm, and 10 µm, respectively.
Fig.
15.
Representative
light
micrograph
(bright
field,
Giemsa-stained
preparations)
shows multinucleated
osteoclast-like
cells,
generated
i n vitro
from acutely
irradiated
(1000 cGy) inocula following 14 days of culture.
Note the smaller size of cells
(relative
to
thos e multinucleated
cells generated from nonirradiated inocul a), along with the marked peripheral ization of nuclei (a rrows).
Line marker
represents 100 µm.

In preliminary experiments, all of these modificat ions enhanced the rate of MN-OSdevelopment
in vitro;
accordingly,
they
were routinely
applied
during the cour se of the experiments
presented her e (pre li minary culture data are not
shown) .
Developmentally,
the can ine MN-OS exhibit
simi lar patterns
to MN-OS of other species.
Severa l groups ( Ibbotson et al., 1984; Suda et
al.,
1983; Testa et al.,
1981) working with
feline marrow and standard "Dexter-type" hematopoietic culture conditions
described the MN-OS
growth cu rve in ter ms of an initial
lag period
of several
days, foll owed by a progressive
increase in numbers that reached maximum levels
after
2-3 weeks of culture
and a subsequent
small decline in numbers. These MN-OS, generated in vitro, had sufficient
nunbers of morphological~
cytochemical
characteristics
in
common with osteoclasts
occurring
naturally
in vivo to allow them to be classified
as such
TTbbotson et al., 1984; Suda et al., 1983; Testa
et a 1• , 1981) •
The recent
immunocytochemical
work of
Oursler et al. (1985) has clearly demonstrated
by using monoclonal antibodies,
the antigenic
relationship
(and presumably the developmental
relationship)
between a unique subclass
of
monocytes, the giant, multinucleated
cells with
osteoclastic
features,
and normal osteoclasts
found in situ.
With the exception of the latter
immunocytochemical characterizations,
virtually
all of the other osteocl ast-speci fi c features
have been observed
here for canine
giant
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multinucleated
cells
in culture.
The more
important of these features
include (a) a general set of morphological
descriptors
(Chambers,
1978)
(including
large
cell
size,
multiple
round-to-oval
nuclei that are generally
clustered centrally
along with cytoplasmic
organelles,
and a clear peripheral
zone of cytoplasm that is
bounded
by scalloped
or
ruffled
borders),
(b) the presence
of appropriate
cytochemical
features
(Ibbotson
et al.,
1984; Minkin, 1982;
Roodman et al.,
1985a),
most importantly,
a
strong,
tartrate-resistant
acid
phosphatase
activity
following
vitamin 03 induction
(data
not shown ) , (c) a collection
of rather
unique
and
identifying
ultrastructural
features
(Ibbotson et al., 1984; Suda et al., 1983; Testa
et al.,
1981) including
a high density of peripheral,
surface-associated
microvil l i and the
presence
of large numbers of large,
elongated,
and often branched mitochondri a within organelle-rich
areas
of the cell's
cytoplasm,
and
(d)
c haracteristic
functi ona l
properties
associated
with bone resorption
(adherence
to
devitalized
bone spicules
in vitro).
Despite
the latter,
however, the "acTd test" for osteoc lastic
activity,
namely, the quantitative
measure of resorptive
capacity,
remains to be tested (Boyde et al., 1985; Jones et al., 1986a, b).
The second major conclusion
drawn from our
observations
is that MN-OSgeneration
and development is sensitive
to the effects
of irradiation.
Radiation-induced
disturbances
in MN-OS
development take a variety
of forms, including
both time- and dose-dependent
reductions
in cell
number, cell size, and the degree of nucleation.
Our result s showed that with in c reasin g time of
culture,
radiosensitivity
of the MN-OS progenitors
apparently
decreased;
e.g.,
00 values
(ba se d on the
assumption
of dose-dependent,
linear
responses ) increased
from 212 cGy at the
earliest
sampling period (si x days) to well over
500 cGy at the latest
sampling period (22 days).
These values are considerably
higher than those
reported by Scheven and colleagues,
who employed
a rather novel in vitro assay involving cocultivat ion of both irradiated
and noni rradi ated
MN-OS progenitors
with "periosteal
membranestripped",
17-day-old
metatarsal
bones,
with
subsequent sampling and analysis
of MN-OSdevelopment in situ (Burger et al.,
1982; Scheven et
al.,
1987Y:--With
this
latter
technique,
00
values for MN-OS progenitors
derived from various murine tissue
sources ranged from 94 cGy for
MN-OSfrom 17-day-old fetal calvarium periostea,
to 101 cGy for adult bone marrow, to 169 cGy for
fetal liver
(15 day) (Scheven et al., 1987).
Clearly,
the
radiosensitivity
of MN-OS
progenitors
is variable,
dependent on both the
nature of the source of MN-OSprogenitors
and on
the culture
assay conditions.
In this regard,
interesting
dose response
relationships
were
noted for the canine MN-OS progenitors
assayed
during the middle period of culture,
10 to 14
days following
initial
plating.
The plotted
survival
response curves appeared to be biphasi c.
The presence of such biphasic
responses
would tend to indicate
that
the target
cell
population
was mixed,
composed of at least
two
subpopulations,
each
with
di st i net

(,

1,

Cells,

'

'::,.:
!·
~

Figs. 16-19 . Electron micrographs of representative giant,
multinucleated
cells generated from
su rviving
marrow cells
14 days following
the
i nitial
plating
of acutely
irradiated
marrow
(600-1000 cGy).
Figs. 16 and 17 show typical
peripheralization
of cell
nuclei,
along with
marked
regional
differences
in
cytoplasmic
features
(e.g.,
organelle-rich
vs. organellepoor areas,
vesiculated
area, etc.).
Uniquely
large crystalloid,
cytoplasmic
inclusions
are a
prominent feature
of these multinucleated
cells
from irradiated
inocula
(arrow,
Fig.
18).
Fig. 19 is an SEM view showing characteristically increased
surface
ruffling
and microvillus
expression.
Line markers for Figs. 16-19 represent 5 µm, 2 µm, 1 µm, and 10 µm, respectively.
Figs.
20-23.
Electron
micrographs
of devitalized
bone spicules
( B) and adherent
giant,
multinucleated
cells
(arrows)
generated
either
from nonirradiated
marrow progenitors
(Figs. 2022) or from acutely irradiated
(1000 cGy) marrow
progenitors
(Fig. 23).
Line markers represent
100 µm, 50 µm, 2 µm, and 100 µm, respectively.

1607

T. M. Seed, L. V. Kaspar, F. Domann, et al.
radiosensitivitie
s (Alper,
1979).
The more
sensitive
of the two had an estimated D0 value
of 230 cGy, while the D0 value of the more
resistant
subpopulation was 575 cGy.
Despite the suggestion that the expression
of biphasic dose responses by irradiated
MN-OS
progenitors
was due to the presence of multiple
progenitor
subpopulations,
equally
plausible,
alternative
mechanisms could account for such
responses.
For example, the biphasic nature of
the dose response curve might have nothing to do
with mixed populations,
but rather might reflect
radiation-induced
disturbances
of the two fundamental pro cesses involved in MN-OSdevelopment.
The first
process, inherently
more radiosensit ive than the second, would involve progenitor
cell proliferation
essential
for production of
fusible
mononuclear cells.
The second, more
resistant
process, would involve the fusion of
matured daughters
of the mononuclear MN-O
S
progenitors.
Accordingly, the apparent shift in
radiosensitivity
of MN-OSprogenitors with time
of culture might be explained in terms of the
radiation-induced
alterations
of these
two
processes and their temporal patterns of expression.
For example, when radiation-induced
responses were assayed early (e.g.,
si x days),
the apparently
increased sensitivity
of MN-OS
progenitors would be attributed
to the radiation
dose-dependent temporal delay in production of
potentially
fusible MN-OSprogenitors,
essential
for MN-OSdevelopment.
Conversely, the apparently marked decrease in radiosensitivity
of
MN-OSprogenitors
assayed during a late period
of culture
(22 days) would be attributed
to a
time-dependent renewal in proliferative
activity
following the initial
radiation-indu ced l ag of
surviving MN-O
S progenitors.
This time-dependent renewal would yield i ncr ease d number s of
potentially
fusible mononuclear progenitor cells
for generation of MN-O
S.
In conclusion, MN-O
S produ cti _on appea rs to
be highly dependent on two interactive,
timedependent processes.
The first is a proliferative response that yields, under the constraints
of time and radiation
dose, an expanded number
of potentially
fusible mononuclear cells.
The
second is a fusion response, limited by numbers
of potentially
fusible progenitors
and again by
radiation dose. The two processes are linked by
a time-dependent maturational
process in which
immature, nonfusible,
proliferative
progenitors
mature into fusible,
nonproliferative
elements.
This conclusion is implicit
in the above-sugges ted mechanisms of rad i at ion-induced disturbances in MN-OSdevelopment.
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Discussion

with Reviewers

J. D. Szekely:
Have you done any characterization of the cytoplasmic inclusions shown in Fig.
18? Were they ever seen in nonirradiated
cells?
Have they been reported in normal osteocl asts
isolated from normal bone marrow?
Authors :
In terms of characterizing
these
crystalloid
inclusions,
we have not gone beyond
the TEMwork done here.
Regarding their preva1ence, the larger of these inclusions
appear
restricted
to the multinucleated
osteoclast-like
eel ls derived from irradiated
progenitors.
A
similar
but smaller sized inclusion
has been
observed occasionally
seen in both MN-OSderived
from noni rradi ated marrow progenitors
in vitro
as well as from naturally occurring osteoclasts
in vivo.

---

J. D. Szekely:
Could you give more detail on
how the survival curve parameters were cal cul ated on the multicomponent survival curves such
as the one shown in Fig. 3? How did these 14day values (D , D , n) compare to those calculated at other 8ost?rradiation
times?
Authors:
As noted in the Methods section, the
numbers of osteoclast-like
cells were manually
counted by light microscopy per field in the
various
control
and irradiated
specimens at
various times of culture (e.g., 0, 200-1000 cGy
specimens at 6, 10, 14, 18, 22 days).
Cell
counts within
the control
specimens (0 cGy
specimens) were equated to 100% survival
and
were used to estimate percent survival values
for the irradiated
specimens.
For each culture
time point,
the percent survival
values were
plugged into a specially
designed biphasicresponse model computer program, which has the
capacity
to analyze response data either
in
terms of simple linear responses or multiphasic
responses.
Lethality rates (0 0 ) were estimated
from the slopes of the response curves as 1/e-.
D values, or quasi-threshold
values for lethali~y responses,
were estimated from the linear
regression/breakpoint
analyses (a) for the more
radiosensitive
subpopulation,
by the radiation
dose required to reduce survival below 100% and
(b) for the more radioresistant
subpopulation,
the radiation
dose required for expression of
initial
lethality
events (i.e.,
the radiation
dose at the
"breakpoint"
in the survival
curves).
N values or quasi-target
number were
estimated by the survival values at the Y-intercept following back extrapolation.
It should,
perhaps, be pointed out that such values for the
more radioresistant
subpopulation
are at best
rough estimates and are intended to serve only
as points for comparison.
They are based on a
very 1 imited number of data points,
and the
extended dose-response
relationships
need to be
performed in order to fully verify these values.
Dose-response parameters (D0 , D , n) for
the two presumptive subpopulations of isteoclast
progenitors were estimated as follows:
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Mononuclear marrow progenitors
of osteoclast-like
cells
Dose-Response Parametersa

Days
6
10
14
18

Subeoeulation #1
n
Dq
Do

Subeoeulation
Dq
Do

212
147
230
458

587
575
707

42
228
90
347

1.22
4.69
1.47
2.12

288
178
1183

M. Tavassoli:
The most interesting
finding is
the biphasic
survival
curve of these eel ls,
indicating a mixture of two populations.
Alternatively, the inherent biphasic nature of development of these cells may be the explanation for
this phenomenon. Do the authors have any comments on these observations?
Authors:
If the question here is "Which alternative do we favor?", we would have to say the
latter.
We offer several reasons for saying
this:
first,
other than the biphasic
doseresponse curves themselves,
we have no other
supporting evidence for the existence of multiple subpopulations
of MN-OS prog~nito_rs;
a~d
secondly, the alternative
explanation
1 s dee, dedly more attractive
by virtue of the substantial variation
in the apparent radiosensitivity
of MN-OS progenitors
when time-of-culture
is
considered.
If multiple subpopulations of MN-OS
progenitors truly exist, then the dose-response
relationships
should remain constant over the
time course.
As they do not, other processes
have to be brought into consideration
(e.g.,
developmental processes).

#2
n
1.09
0.93
0.86

a Parameter values given in cGy.

w.

Chelack:
In the work presented
in this
paper, the irradiations
appear to have bee~ do~e
in growth media with high serum levels which is
known to have large effects on D.
Were irradiation experiments done HBSSor ~BS for comparison? pH effects on D are also well documented.
Was pH controlled dur?ng irradiation?
.
Authors:
All irradiations
were carried
out
under the standard conditions
as specified
in
the Methods section.
Specific
experiments
designed to assess the effects of ~aryin~ ~e'.um
concentrations
on the observed radiosensitivity
of the MN-OSprogenitor cell population were not
carried out.
Although such serum effects
in
modulating radiosensitivity
of MN-OSprogenitors
would be of interest,
it is doubtful that they
significantly
alter
the overall
developmental
response patterns as noted here in this study.
As to the question of pH, the pH of the suspending solutions were adjusted prior to irradiation
(pH 7.2) and were maintained both during and
following irradiation.

M. Tavassol i:
How do the authors intend to
further explore these two alternative
explanations for survival data?
Authors:
If the biphasic dose-response
curves
are due to the interactions
of two distinct
developmental
processes,
then, by "splitting"
the radiation
dose over the time course of
osteoclast
cell development, we should be able
to effectively
separate the two developmental
processes
(i.e.,
the initial
clonal pr?liferative response from the secondary maturation and
fusion step).
Alternatively,
a second, more
direct approach might be to conduct a ri goro~ s
series of cell fractionations
of MN-OSprogenitor-enriched
marrow preparations
in an attempt
to isolate distinct
subpopulations with varying
radiosensitivities.

w. Chelack:

Was culture of MN-OSattempted with
conditioned
media or growth factors
at much
lower cell numbers, e.g., 10 3 - 104 /dish to see
if colonies of these elements wo~d grow? This
would make radiation
survival curves easier to
interpret.
Authors:
We agree.
However, we did not attempt
to supplement the MN-OS cultures
with ~rowth
factors or conditioned media. The suggestion to
specifically
develop "clonal assays" for mono~uclear MN-OSprogenitors is a good one that will
be pursued.

w.

Chelack :
Is the biphasic nature of the
radiation survival curve due to differentiation,
i.e.,
do MN-OSarise from common hematopoietic
osteoclast
stem cells
and differentiate
to
either osteoclasts
or blood elements?
Authors:
We are working under the assumption
that there are two fundamental processes
involved in osteoclast
formation:
(a) clonal
proliferation
of a mononuclear osteoclast
progenitor and (b) fusion of matured mononuclear
cells into multinucleated
giant cells.
Therefore, in terms of the question asked - Yes, we
do believe that the biphasic nature of the MN-OS
survival curve rests, in part, with differentiative (maturational)
processes.
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Z. Somosy: What is the authors' evi de nee for
the homogeneity of their model cell culture?
Authors:
The homogeneity of the osteoclast
progenitor
cell population_ clearly
remains _an
open question.
In evaluating the data stemming
from the irradiation
of freshly isolated,
marrow-derived mononuclear progenitors,
we attempted to "fit" the survival data with both simple
linear and bilinear
responses.
In the case of
the former, "homogeneity" was presumed.
Other
than the biphasic nature of the dose-response
curves determined at sampling times> 6 days, we
have no strong evidence to argue for or against
homogeneity.

z. Somosy: What is the probable role of the
membrane bound crystalloid
cytoplasmic
inclusions?
Why do they accumulate after i rrad i ati on?
T. D. Allen:
Would the authors like to speculate on the origin of the crystalloid
inclusions
observed after irradiation?
Are the multinucleate cells still
phagocytic or do the inclusions
arise as a result of radiation
damage directly
within the eel l?
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Authors:
At this point,
we really
do not know
the nature of these curious c rysta ll o id incl us ions nor do we know the role they play in the
radiation-elicited
responses.
These inclusions
appear larger
and more numerous in the MN-OS
cultures
seeded with heavily
irradiated
MN-OS
marrow progenitors
(e.g.,
1000 cGy).
It is
possible
that
these
inclusions
represent
coalesced
primary
lysosomal
vacuoles
containing
crystalline
arrays of degraded cellular
material
damaged as a consequence
of the irradiation
insult.
T. D. Allen:
In the radiation
sensitive
formation
of these
multinucleate
cells,
would you
like to speculate
on the cytoplastic
elements
which may become damaged by radiation
with
respect to subsequent
fusion,
as nuclear phenomena are unlikely
to be involved.
Have the
.:::uthors data, for instance,
to indicate
whether
or not
putative
fusion
becomes limited
by
reduced mobility
as a result of irradiation?
Authors : Concerning the nature of the radi osensitive
subcellu lar target(s)
responsible
for the
process
of cell fusion,
we speculate
that the
"target"
is not a single
physical
entity,
but,
rather,
lies in the inherent
biophysical
nature
of the lipid
bilayer,
in particular
is its
fluidity
and mobility
of embedded proteins
islands.
As the latter
are critical
in the
process
of cell
fusion,
it is reasonable
to
assume that restricted
cell fusion,
as a dosedependent
function
of ionizing
radiation
exposure,
is a consequence
of such alterations
in
bilayer
fluidity
and the subsequent
restricted
lateral
mobility
of cell surface,
charge-bearing
transmembrane proteins
within the bilayer.
As to the question
relating
to cell mobil ity as a function of radiation
dose, we have not
made such determinations,
although,
clearly,
it
would be of interest,
especially
in terms of
limiting
eel l fusions.
T. D. Allen:
In our own cultures
from
there were often a few fibroblasti
c cells
ble in the culture--does
this occur with
cultures?
Authors:
Fibroblastic
cell
growth in
cultures
was rarely seen.

cats,
visithese
these
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